T he possibility of pacemaker-induced ventricular arrhythmias has been recognized since the beginning of widespread use of artificial pacemakers,*-I6 but the extent of the clinical risk of such arrhythmias has been questionable.17-2* The possibility of a dangerous arrhythmia being precipitated by a pacemaker stimulus falling during the vulnerable period of a preceding ventricular beat exists most commonly when an asynchronous artificial pacemaker is in competition with normal sinus rhythm or ectopic beats from any source. The risk is particularly great in patients requiring pacing during acute myocardial infarction, as these patients are most susceptible to life-threatening ventricular arrl~ytl~n~ias.1g~20~26~27~2g~30-33 This is a review of the reported studies of pacemaker-induced ventricular arrhythmia, with attention to the type of electrodes used, unipolar or bipolar. Every documented case of pacemaker-induced ventricular tachycardia or fibrillation occurred in association with a bipolar electrode system, adding support to the concept that these arrhythmias are evoked at the anode and do not occur with unipolar cathodal pacing.
Methods
A survey was made of all reported instances of ventricular tachycardia or fibrillation occurring in human patients with artificial ventricular pacemakers. The events were separated into two categories:
(1) documented episodes in which the onset of the ventricular arrhythmia followed a pacemaker stimulus falling during the vulnerable period of the preceding beat, and (2) episodes in which the ventricular arrhythmia but not its onset was documented. There are in addition reports of pacemaker-induced ventricular arrhythmia in which the arrhythmia was not documented 6,12,13,20r34,35 or in which the electrode configuration was not stated.34,36,37,74 For the purposes of this study a ventricular arrhythmia was defined as four or more responses following a pacemaker stimulus. The stimulus was judged to fall in the vulnerable period if it occurred during the T-wave of the preceding beat.
Each case was further categorized as bipolar or unipolar stimulation, with the assumption that in all cases of unipolar pacing the intracardiac electrode was the cathode and the indifferent electrode was the anode. Although it is possible to re-Number 3
Pacemaker-induced ventricular arrhythmias 367 verse polarity in external pacing, all commercially available permanent implant pacemakers which are unipolar are fixed with anodal stimulation at the indifferent ht$ode.
kcults
In every case of documented onset of ventricular tachycardia or ventricular fibrillation (21 cases) with the pacemaker stimulus falling in the vulnerable period of the preceding beat, the electrode system employed was bipolar (see Table I ). We were unable to find such a case using a unipolar system. Sowton and Flores17~38 have reported two patients who developed ventricular fibrillation shortly after receiving permanent unipolar pacemakers which competed with normal sinus rhythms. In the first patient the onset was not documented, although the author considered it to be pacemaker-induced. He does state, however, 'I. . . because there is no written ECG record it is just possible that the whole sequence was due to the spontaneous onset of ventricular fibrillation."38 Sowton's second case was also undocumented, and although the patient was found with ventricular fibrillation, the episode was apparently preceded by abdominal distention, vomiting, and aspiration. In a patient reported by :Roe and Katy,3g unipolar pacing did not reeult in a ventricular arrhythmia, whereas bipolar pacing in the same patient resulted in recurrent bouts of ventricular fibrillation. Of the 21 episodes of pacemaker-induced ventricular tachycardia, there were no reported episodes of ventricular arrhythmia arising from a pacemaker stimulus falling outside the vulnerable period.
There were 34 episodes of ventricular tachycardia or ventricular fibrillation documented in patients with functioning artificial pacemakers, but without documentation of the onset of the arrhythmia.2*3~6-8Jo* 11, 14-17,18,71*73,'9 In 33 patients the pacemaker was operating as a fixed-rate (competitive) type, and one patient had a normally functioning demand (noncompetitive) unit. Twenty-eight episodes were with bipolar electrodes, and six episodes were with unipolar electrodes. Thirty episodes were ventricular fibrillation; four episodes were ventricular tachycardia.
Discussion
The problem of pacemaker-induced ventricular tachycardia or ventricular fibrillation has been studied since pacemakers have been in common use. Most reports stress the improbability of this phenomenon, but some notable exceptions have been documented. Sowton, in 1965 reported six patients who developed ventricular tachycardia or ventricular fibrillation while in parasystole with sinus rhythm Preston and a non-inhibited fixed-rate pacemaker, and concluded that especially in tile first two days after implantation there is a risk of pacemaker-induced ventricular arrhythmia. Bilitch and co-\\.orkers33 reported a case of ventricular fil~rillation occurring in a patient ~,ho had an acute myocardial infarction, \vith documentation of the onset of the arrhythmia at the time of a pacemaker stimulus falling in the vulnerable period of the preceding beat. Castellanos and coworkerG studied 14 human patients and were able to produce "repetitive firing" in three patients and ventricular fibrillation in one patient by scanning the vulnerable period with bipolar right-ventricular pacing. Welti and colleagues40 also produced repetitive firing in humans by scanning the vulnerable period with bipolar stimuli of low amplitude. Lewis and associates,41 using unipolar pacing, were unable to produce ventricular arrhythmias. Clinical studies comparing groups of patients with competitive and noncompetitive systems have yielded conflicting conclusions. Furman and colleagues25 report no inincreased incidence of sudden death in patients with non-triggered or competitive units, while Bilitch18 reported death due to ventricular fibrillation in 5 of 40 patients with fixed-rate units, and only one death due to ventricular fibrillation in 46 patients with demand units. Ilost investigators feel that pacemaker-induced ventricular arrhythmias are most likely during acute myocardial infarction,~g~20~24~2F~42 during the first two days after implantation of the electrodes,3*23 or during periods of hypoxia24t27 or electrolyte imbalance.24J7 Another example of ventricular arrhythmia produced by pacing during the vulnerable period is that of paired pacing of the ventricle. Bipolar electrodes are almost always employed for paired pacing, and similarly the complication of ventricular tachycardia and fibrillation has been associated with bipolar, not unipolar, electrode systems.40f43-50
The results shown in Table I suggest an association of pacemaker-induced ventricular fibrillation with bipolar electrodes in the human.
There is no documented case of human pacemaker-induced ventricular tachycardia or ventricular fibrillation with unipolar electrodes, although unipolar systems probably account for almost half of all implanted pacemakers. Hoffman and Cranefield concluded that during induction of ventricular fibrillation with bipolar electrodes, the ventricular fibrillation is initiated at the anode. They state: "If the flow of anodal current is sufficiently diffuse, it is so difficult to evoke fibrillation that it seems safe to assume that fibrillation evoked by electrical stitiufation depends upon anodal excitation."64 Number 3
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Cranefield and associates55 ruled out a double origin of ventricular fibrillation from both the anode and cathode, and concluded that the vulnerable period coincides with the period when threshold excitation occurs at the anode.
C4nclusions
The association of bipolar electrodes in humans and animals with pacemakerinduced ventricular arrhythmias suggests that in the majority of instances an anode on or within the heart, of size and configuration to permit anodal stimulation, is necessary to produce ventricular tachycardia or ventricular fibrillation in humans with permanent or temporary pacing systems. As excitation during the vulnerable period is usually possible only at the anode,64J5 with the excitation threshold often ten times as great at the cathode, it does seem like!y that single responses during the vulperable period are usually evoked at the anode with presently used human pacing s*tems. It follows that the origin of repetitive ventricular beats, or ventricular fibrillation, is equally likely to be at the anode.
Evidence is lacking that pacemakerind;lced arrhythmias are common, and >ommercially available pacemakers have outputs which are probably too small to produce arrhythmias in normal human hearts. It is probable that with impulse durations of one msec. or less, as is now common with commercial units, it is almost impossible to produce arrhythmias due to pacing in the vulnerable period.2' However, commercial units must be designed to produce stimuli exceeding the excitation thresholds of 95 per cent or more of all patients encountered. With time the excitation threshold for an implanted electrode system can rise to 10 times the initial implantation threshold, and therefore pacemakers are designed to deliver 10 to 30 times as great a stimulus as is required for effective pacing at the time of electrode implantation.
Therefore, under adverse conditions \vliich lower the fil,rillation threshold, such as acute myocardial infarction, hypoxia, electrolyte inil)alance, or during' the first t\vo days after implantation, pacemaker-induced ventricular arrhythmias arc possil)Ie, especially if the anode is on or inside the ventricle.
The use of demand (noncompetitive) pacemakers has reduced the frequency with which pacing stimuli fall in the vulnerable period of the preceding beat, but demand-type pacemakers are not totally reliable for this purpose, as they are subject to failure or outside interference in which case they perform as fixed-rate units. Especially with bipolar electrodes even a normally functioning demand pacemaker may fail to sense some spontaneous beats, resulting in competitive pacing.
The coronary care unit is a high-risk area for pacemaker-induced ventricular arrhythmias, because of the higher prevalence of ectopic beats which are not sensed by demand pacemakers and the markedly reduced fibrillation threshold of patients with acute myocardial infarction. Therefore, in the coronary care unit only unipolar cathodal pacing should be used. As most pacing in a coronary care unit is through temporary catheter electrodes, either a remote indifferent electrode (anode), or a catheter with a distal pacing electrode (cathode) and a large proximal electrode (anode-at least ten times the surface area of the distal electrode) positioned outside of the right ventricle, should be used. Virtually all temporary endocardial pacing systems employ bipolar electrodes and bipolar pacemakers, such that the pacemaker anode can be attached to either electrode. Elimination of bipolar temporary systems should increase the safety of temporary pacing.
Although the danger of pacemaker-induced ventricular arrhythmia exists mostly in patients with hypoxia or acute myocardial infarction, the greater possibility of such arrhythmias with bipolar electrodes in any situation militates against the general use of bipolar electrodes.
Summary
A review of animal investigations suggests that pacemaker-induced ventricular fibrillation usually occurs at the anode, and in fact is difficult to evoke at the cathode. A search of the literature showed that every documented episode of pacemaker-induced ventricular tacllycardia/fibrillation in liuma~is has been with a bipolar electrode system. Since the problem most often occurs during temporary pacing associated with mvocardial infarction. bi- 
